Miramonti, AA, Stout, JR, Fukuda, DH, Robinson IV, EH, Wang, R, La Monica, MB, and Hoffman, JR. Effects of 4 weeks of highintensity interval training and b-hydroxy-b-methylbutyric free acid supplementation on the onset of neuromuscular fatigue. J Strength Cond Res 30(3): 626-634, 2016-This study investigated the effects of high-intensity interval training (HIIT) and b-hydroxy-b-methylbutyric free acid (HMB) supplementation on physical working capacity at the onset of neuromuscular fatigue threshold (PWC FT ). Thirty-seven participants (22 men, 15 women; 22.8 6 3.4 years) completed an incremental cycle ergometer test (graded exercise test [GXT]); electromyographic amplitude from the right vastus lateralis was recorded. Assessments occurred preceding (PRE) and after 4 weeks of supplementation (POST). Participants were randomly assigned to control (C, n = 9), placebo (P, n = 14), or supplementation (S, n = 14) groups. Both P and S completed 12 HIIT sessions, whereas C maintained normal diet and activity patterns. The PWC FT (W) was determined using the maximal perpendicular distance (D MAX ) method. Electromyographic amplitude (mVrms) over time was used to generate a cubic regression. Onset of fatigue (T F ) was the x-value of the point on the regression that was at D MAX from a line between the first and last data points. The PWC FT was estimated using T F and GXT poweroutput increments. The 2-way analysis of variance (ANOVA) (group 3 time) resulted in a significant interaction for PWC FT (F = 6.69, p = 0.004). Post hoc analysis with 1-way ANOVA resulted in no difference in PWC FT among groups at PRE (F = 0.87, p = 0.43); however, a difference in PWC FT was shown for POST (F = 5.46, p = 0.009). Post hoc analysis among POST values revealed significant differences between S and both P (p = 0.034) and C (p = 0.003). No differences (p = 0.226) were noted between P and C. Paired samples t-tests detected significant changes after HIIT for S (p , 0.001) and P (p = 0.016), but no change in C (p = 0.473). High-intensity interval training increased PWC FT , but HMB with HIIT was more effective than HIIT alone. Furthermore, it seems that adding HMB supplementation with HIIT in untrained men and women may further improve endurance performance measures.
INTRODUCTION
H igh-intensity interval training (HIIT) has recently gained popularity as both effective and efficient training modality for many populations. In general, HIIT involves short bouts of high-intensity exercise interspersed with brief periods of lowintensity exercise or rest (5, 22) . In comparison with traditional aerobic endurance training, HIIT has been shown to elicit similar-magnitude improvements in aerobic capacity despite lower total training volume and exercise time (6) . Daussin et al. (8) compared continuous and interval training protocols with similar total exercise duration and volume in sedentary subjects and found that improvements in maximal aerobic capacity after continuous training were mainly the result of peripheral adaptations (increased capillary density and increased arteriovenous difference), whereas the improvements after interval training resulted from both peripheral (increased arteriovenous difference) and central adaptations (increased cardiac output); however, interval training did not seem to increase capillary density. In addition, HIIT is associated with improved metabolic efficiency and capacity of energy substrates by increases in storage, transport, and enzyme concentrations (33, 42) . Overall, HIIT has been shown to be effective in both trained and untrained populations after short training protocols that involve a relatively small time commitment on a weekly basis.
The branched-chain amino acid, leucine, has been associated with increases in muscle protein synthesis (1) , mitochondrial biogenesis, and fatty acid oxidation (40) , decreases in muscle protein breakdown via the ubiquitin pathway (2) , and may contribute to intracellular cholesterol synthesis to support sarcolemma integrity (27) . It has been suggested that some of the benefits derived from leucine supplementation may be due to one of its metabolites, b-hydroxy-b-methylbutyrate (HMB) (36, 46) .
It has been reported that HMB supplementation can increase strength, improve muscle protein balance, and attenuate markers of muscle damage after heavy resistance training (28, 31, 48) . b-Hydroxy-b-methylbutyrate supplementation has also been shown to be beneficial for endurance athletes (18, 44) . Knitter et al. (18) examined the effects of 6 weeks of 3 g$d 21 of HMB in trained individuals after a prolonged run and reported that HMB attenuated the postexercise elevation in markers of muscle damage, supporting the hypothesis that HMB attenuates muscle damage or improves recovery from damaging exercise. Vukovich and Dreifort (44) suggested that HMB supplementation can improve endurance performance-related measures such as V _ O 2 peak and the onset of blood lactate accumulation (OBLA) after a 14-day supplementation protocol in trained cyclists. They reported increases in both OBLA and time to reach V _ O 2 peak with HMB. However, these effects do not seem to be consistent between studies as O'Connor and Crowe (30) reported no effects on aerobic or anaerobic measures in elite male rugby players after 6 weeks of HMB supplementation.
Only 2 studies have investigated the effects of HIIT with HMB supplementation, and both investigated changes in aerobic capacity and fatigue thresholds based on gas exchange analysis (20, 35) . Lamboley et al. (20) investigated the effects of 5 weeks of 3 g$d 21 of HMB and 3 d$wk 21 of running HIIT on aerobic performance measures in recreationally active college students. Although both the HMB and placebo groups improved V _ O 2 max, ventilatory threshold (VT), and respiratory compensation point (RCP), greater improvements in V _ O 2 max and RCP were seen in the HMB-supplemented group compared with placebo. These results suggested that HMB may be more effective in less trained subjects, as increases in aerobic capacity were not seen in the investigations using trained subjects (18, 30, 44) . Recently, Robinson et al. (35) used untrained subjects and reported significantly greater increases in V _ O 2 peak, VT, and power at VT in the supplemented group compared with placebo after 4 weeks of cycle ergometer-based HIIT with 3 g$d 21 of HMB or a placebo.
Another common noninvasive method for examining fatigue is through the use of electromyography (EMG)-based measures of peripheral fatigue. Electromyographybased measures of fatigue often use changes in the amplitude and/or frequency domains of the signal to determine the onset of fatigue (T F ) and demarcate the moderate, heavy, and severe exercise intensity domains. Two methods, physical working capacity at fatigue threshold (PWC FT ) and electromyographic fatigue threshold (EMG FT ), define the onset of neuromuscular fatigue as a significant increase in EMG amplitude during exercise, indicating the recruitment of additional motor units and the increased frequency of motor unit activation (3, (9) (10) (11) (12) . Although PWC FT and EMG FT share a common underlying physiological mechanism, PWC FT is typically determined using submaximal loads whereas EMG FT is generally determined using maximal to supramaximal discontinuous work bouts. Although the method of determination differs, PWC FT and EMG FT are effectively analogous thresholds (32) .
Both EMG FT and PWC FT have previously been used to assess changes after periods of supplementation and/or training: Stout et al. (38) analyzed changes in PWC FT after 28 days of supplementation with creatine, b-alanine, or a combination. In addition, Smith et al. (37) used EMG FT to determine changes after 3 and 6 weeks of b-alanine supplementation in participants performing a periodized HIIT protocol, ranging from 90 to 115% of the peak power output during the V _ O 2 peak test. Although the supplement investigated by Smith et al. (37) is different from that in this study, they demonstrated that the HIIT protocol used was sufficient to increase the onset of neuromuscular fatigue (EMG FT ) after a relatively short intervention.
Currently, only 1 study has investigated changes in neuromuscular fatigue thresholds after HIIT (37) , and to our knowledge, noone has investigated the effects of HMB on neuromuscular fatigue. The purpose of this study, therefore, was to examine the effects of 28 days of 3 d$wk 21 of cycle ergometer-based HIIT and 3 g$d 21 HMB supplementation on neuromuscular fatigue as measured using PWC FT in untrained college-aged men and women.
METHODS

Experimental Approach to the Problem
Data from 40 healthy men and women from a study recently published by Robinson et al. (35) were used in the analyses of the unpublished electromyographic values. A double-blind placebo-controlled design, stratified for gender, was used to examine the effects of HIIT and HMB on neuromuscular fatigue. Each participant was required to visit the Human Performance Laboratory at the University of Central Florida twice for pretesting and posttesting (PRE, POST), with each testing session occurring on nonconsecutive days. The same testing protocols were repeated at the end of the 4-week training period. On the first testing day, anthropometric measures of participants were collected, including age, height, and body mass. Each participant then performed a graded exercise test (GXT) to determine PWC FT . The peak wattage achieved during this test (P PEAK ) was used to establish individual training intensity. On the second day of testing, fasting baseline blood was drawn off to measure serum HMB. The results of this analysis are reported in a previous publication (35) .
Subjects
Forty recreationally active young men and women (men = 22, women = 18) were recruited to participate in the study. Three female participants were excluded because of issues with EMG data collection; therefore, data for 22 men and 15 women (18-33 years) were included in the final analysis. Participant descriptive statistics are shown in Table 1 . The study conforms to the Code of Ethics of the World Medical Association (approved by the ethics advisory board of Swansea University) and required players to provide informed consent before participation.
After an explanation of the experimental protocol and all related benefits and risks, participants signed an informed consent before any data collection. Health, activity levels, and previous supplementation of participants were assessed using a physical activity readiness questionnaire and a health and activity history questionnaire to determine participants' readiness for physical activity and whether any supplements they were already taking might interfere with the results of the study. All study protocols were approved by the New England Institutional Review Board.
After baseline testing, the participants were randomly assigned to one of the 3 groups: a control group (C), a HIIT with placebo group (P), and a HIIT with supplementation group (S). Of the 37 participants included in this study, 9 participants were assigned to C and 14 to each of the training groups (P or S). *C = control; P = high-intensity interval training with placebo; S = high-intensity interval training with 3 g$d 21 b-hydroxy-b-methylbutyric free acid supplement.
†Data are presented as mean 6 SD. 
Procedures
High-Intensity Interval Training. Participants assigned to P and S groups completed 12 HIIT sessions while participants assigned to C were asked to continue their normal activity patterns for the same duration before returning for posttesting. High-intensity interval training sessions were scheduled 3 times per week on nonconsecutive days over a 4-week period and were performed on an electronically braked cycle ergometer (Corival, Lode; Groningen, the Netherlands). Participants began each session with a 5-minute warm-up cycling at a self-selected power output, followed by five 2-minute bouts of work at a predetermined work rate followed by 1 minute of rest. Each individual participant's work rate was calculated using his or her P PEAK (during the GXT) at PRE. Training intensity varied by exercise session from submaximal to supramaximal ranging from 85 to 120% of P PEAK at PRE; this HIIT protocol was used and described by Robinson et al. (35) . If a participant was unable to complete an assigned work bout, the amount of time completed was recorded and the 1-minute rest period began immediately. All training sessions took place under the supervision of a National Strength and Conditioning Association-certified Strength and Conditioning specialist or an American College of Sports Medicine Health Fitness specialist.
Supplementation. Each serving of the HMB supplement consisted of 1 g of b-hydroxy-b-methylbutyric free acid, reverse osmosis water, de-bittering agent, orange flavor, stevia extract, and potassium carbonate; each serving of placebo contained 1 g of polydextrose that was equivalent to the b-hydroxy-b-methylbutyric free acid, citric acid, corn syrup, 10% stevia powder, de-bittering agent, and orange flavor. Both the HMB and placebo were identical in taste and appearance and were supplied by Metabolic Technologies Inc. (Ames, IA, USA). Participants received either supplement or placebo in a randomized and double-blinded fashion. Before the exercise session, participants in S and P groups received 3 g$d 21 of HMB or placebo (respectively) divided equally into 3 servings taken 30 minutes before exercise, again 1 hour later, and the final 1 g dose 3 hours postexercise. To ensure compliance, investigators witnessed the participants consume the supplement before and immediately after each exercise session. On the nontraining days, participants were instructed to consume 1 packet with 3 separate meals throughout the day. Empty packets were presented to the investigators on returning to the laboratory after nontraining days. In addition, blood plasma HMB concentrations were analyzed by gas chromatography-mass spectrometry, which was performed by Metabolic Technologies Inc. in a blinded fashion using methods previously described by Nissen et al. (29) ; the resulting HMB concentrations have previously been reported (35) .
Dietary Analysis. Before training, participants were asked to record as accurately as possible everything they consumed each day during 3 typical days (2 weekdays and 1 weekend day). This diet was considered his or her standard diet, and he or she was asked to replicate this style of diet throughout the study. These data were entered into a software program (Food Works 13; The Nutrition Company, Long Valley, NJ, USA), which provided calculations of average daily leucine intake (g) and average total calories (kcal). The results of this analysis have previously been reported (35) .
Graded Exercise Test. Each participant performed an incremental test to volitional exhaustion on an electronically braked cycle ergometer (Excalibur Sport, Lode; Groningen, the Netherlands) to determine the peak power output (P PEAK ) in watts (W), which was used to establish training load. The seat was adjusted so that the participant's legs were at nearfull extension during each pedal revolution, and the participants were asked to maintain a pedal cadence of 70-75 revolutions per minute throughout the test. The participants began pedaling at 75 W, and the power output was increased by 25 W every 2 minutes until volitional fatigue or until the participant was unable to maintain a pedal cadence of 70 revolutions per minute for ;10 seconds, despite strong verbal encouragement.
Electromyography Measurements. A bipolar (4.6 cm center-tocenter) surface electrode (Quinton Quick-Prep silver-silver chloride) arrangement was placed over the vastus lateralis muscle of the right thigh. Before electrode placement, the skin at each site was shaved and cleaned with alcohol. The EMG electrodes were placed based on the recommendations from the SENIAM project for EMG electrode placement (17) . Interelectrode impedance was kept below 5,000 ohms with abrasion of the skin beneath the electrodes. The raw EMG signal was sampled at 1 kHz, differentially amplified (EMG 100c, bandwidth = 10-500 Hz, gain: 31,000; MP150 Biopac Systems, Inc., Santa Barbara, CA, (14) . The averaged RMS values were plotted against the midpoint of each 30-second window. The warm-up values were excluded, and the remaining data points were used to generate a third-order polynomial regression representing the increase in amplitude vs. time of the GXT ( Figure 1 ). The T F was defined as the x-value (time in seconds) of the point on the third-order polynomial regression that measured the D MAX from the line between the first and last data points (Figure 1 ). The T F was used to estimate PWC FT according to the following equation (19):
where P o is the power output of the stage in which T F occurred, a is the increment in power output between GXT stages (25 W), n is the difference in seconds between T F and the beginning of the stage (s) during which T F occurred, and N is the duration of a stage in seconds (120 s). Therefore, because the initial workload is 75 W, the equation can be rearranged to:
Separated by 24-48 hours, 11 men (mean 6 SD age = 21.9 6 1.37 years; 82.1 6 13.92 kg) where used to determine the test-retest reliability for the PWC FT using the D MAX method. Paired samples t-test revealed no significant difference (p = 0.91) in predicted PWC FT for the first (181.6 6 29.2 W) and second (181.9 6 26.3 W) trials. Furthermore, using procedures described by Weir (45) , the D MAX method was considered reliable with an intraclass correlation coefficient of 0.95, low standard error of the measurement (SEM 6 6 W), and minimal difference (MD = 17 W). (15), 0.01, 0.06, and 0.14 were interpreted as small, medium, and large effect sizes, respectively. In addition, percent change scores were calculated from the PWC FT values for each participant. These percentage change scores were then used to develop individual response graphs and 95% confidence intervals that were constructed around the mean values (Figure 2 ). When the 95% confidence interval includes zero, the mean percent change score is no different from zero, which can be interpreted as no statistical change (p . 0.05). However, if the 95% confidence interval does not include zero, the mean percent change for that variable can be considered statistically significant (p # 0.05). An alpha of 0.05 was used to determine statistical significance. Data were analyzed via SPSS (Version 22.0; SPSS Inc., Chicago, IL, USA). Follow-up paired samples t-tests detected significant changes for S (p , 0.001) and P (p = 0.016); however, there was no change in C (p = 0.478) ( Table 2) .
RESULTS
DISCUSSION
To the best of our knowledge, this is the first study to examine the effects of HMB supplementation and cycle ergometerbased HIIT on PWC FT in young men and women. The primary findings support the use of HIIT as a training method to increase PWC FT . Furthermore, the mean difference in PWC FT of S and P groups was 29.1 W and 17.5 W, respectively, which met an MD of 17.0 W needed to be considered a real change based on our test-retest reliability (45) . In addition, the results suggest that HMB supplementation combined with 4 weeks of HIIT may increase PWC FT significantly more when compared with the placebo.
In general, the PWC FT seems to be a valid and reliable method for determining the onset of neuromuscular fatigue as characterized by an increase in EMG amplitude over time (9, 12) . Smith et al. (37) were the first to examine the effects of HIIT on the onset of neuromuscular fatigue, using discontinuous supramaximal workloads to determine EMG FT . Although there is currently no research on the effects of HIIT on PWC FT , it has been used to assess fitness (12) , prescribe and evaluate the effectiveness of training programs to improve resistance to the neuromuscular fatigue (9) , and to evaluate the efficacy of supplements such as creatine and b-alanine in delaying the onset of neuromuscular fatigue (38, 39) . In addition, the EMG FT and PWC FT reflect the similar physiological limit on nonfatiguing work capacity such that when power output exceeds these thresholds an increase in EMG amplitude over time is observed, signifying the onset of neuromuscular fatigue (11, 12) . Therefore, it is relevant to discuss changes seen in EMG FT when discussing changes in PWC FT . In addition, several studies have reported significant relationships between EMG FT or PWC FT and other fatigue threshold measures, such as VT, RCP, lactate threshold (LT), onset of OBLA, and critical power (11, (24) (25) (26) .
In this study, the 4-week HIIT protocol resulted in a 10.4 and 15.8% increase in PWC FT for placebo and HMB groups, respectively, whereas a 2.9% decrease was observed in the control group. This is consistent with Smith et al. (37) who reported a significant increase in EMG FT (23.8%) after 3 weeks of training using a similar HIIT protocol while the control group demonstrated a nonsignificant 1.6% decrease in EMG FT . Similarly, Laursen et al. (21) reported 5 and 8% increases in VT and RCP, respectively, after only 2 weeks of HIIT in highly trained male cyclists. Moreover, Poole and Gaesser (34) reported 17 and 25% increases in LT and VT, respectively, after 4 weeks of HIIT in young sedentary males, whereas Helgerud et al. (16) reported a 9-10% increase in LT after 8 weeks of HIIT in moderately trained males. Our results, along with these previous studies, support the effectiveness of HIIT to elicit significant changes in several different fatigue threshold measures and suggest a common physiological adaptation to this method of exercise training.
The results of the current investigation suggest that HMB supplementation in conjunction with HIIT results in a significantly greater increase in PWC FT than HIIT alone (Table 2 and Figure 2) . These data are supported by Lamboley et al. (20) who reported improvement in VT after 5 weeks of a running-based HIIT program with 3 g$d 21 of HMB supplementation or a placebo (11 and 9%, respectively), but the improvements were not significantly different among supplement and placebo groups. In contrast, Robinson et al. (35) reported increases in RCP in both training groups with no significant difference between groups (HMB: 7.6%; placebo: 9.9%), whereas Lamboley et al. (20) reported significantly greater increases in RCP with HMB (13.4%) compared with a placebo (8.3%).
High-intensity interval training has been shown to increase V _ O 2 peak, muscle buffering capacity, whole body fat oxidation, mitochondrial density, blood flow, and upregulation of glycolytic enzymes (7, 13, 21, 23, 33, 35) . Recently, it has been suggested that HMB may increase Sirt1, Sirt3, and 5 0 adenosine monophosphate-activated protein kinase (AMPK) activity in muscle cells (4), potentially increasing muscle oxidative capacity and consequently the power output at which the muscle begins relying on anaerobic metabolism. b-Hydroxy-b-methylbutyrate may also enhance the effects of HIIT on PWC FT by augmenting AMPK-modulated increases in monocarboxylate transporter protein messenger RNA (41) and therefore improving muscle buffering capacity by enhancing lactate/H + transport and lactate utilization. In theory, PWC FT represents the increased motor unit activation that leads to the accumulation of glycolytic metabolites, such as lactate, hydrogen ions (H + ), inorganic phosphate, and ammonia (25, 43) ; therefore, it follows that greater oxidative capacity and lactate/H + transport and lactate utilization may result in a delay of fatigue and an increase in PWC FT . In addition, HMB has been shown to decrease muscle protein degradation, increase muscle protein synthesis and muscle satellite cell activation, and may increase muscle regenerative capacity (18, 47) but may be most effective when used after damage or when in a catabolic state (28, 46) . b-Hydroxy-b-methylbutyrate may act to enhance the effects of HIIT on PWC FT by improving recovery between HIIT sessions, thereby allowing for greater improvements in V _ O 2 max and lactate shuttling and utilization over time. Further research is needed to determine which, if any, of the proposed mechanisms mediate the interaction of HMB with HIIT.
In summary, HIIT was effective in delaying the onset of neuromuscular fatigue as measured by PWC FT , with HMB increasing this effect. Although the mechanisms by which HMB augmented the results of HIIT are unclear, they may include physiological adaptations, such as improved recovery, increased mitochondrial biogenesis, and increased capacity to transport lactate and H + out of the muscle or into mitochondria for oxidative metabolism. However, additional research is needed to elucidate the potential mechanisms by which HMB may be enhancing the effects of HIIT.
PRACTICAL APPLICATIONS
High-intensity interval training is an effective and efficient training modality that has shown to improve metabolic and neuromuscular fatigue thresholds in young men and women. Furthermore, it seems that adding HMB supplementation with HIIT in untrained men and women will further improve endurance performance measures.
ACKNOWLEDGMENTS
Metabolic Technologies, Inc. provided the supplement and funding for this study. The results of this study do not constitute endorsement of the product by the authors or the National Strength and Conditioning Association.
